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ABSTRACT
The diurnal variation of water vapor isotopologues over the Chajnantor Plateau
during the Austral Spring was investigated using a near continuous record of in situ water
vapor isotopologues, numerical modeling, and routine meteorological measurements. On
average, there is an approximately 34% increase in the mixing ratio coupled with an 11
‰ increase in δ18O, 71 ‰ increase in δD, and 23 ‰ decrease in deuterium excess on the
Plateau. This significant diurnal variation is a result of the mixing between dry, upper
tropospheric air (dry end-member) and a small contribution (9-25%) of a continental (𝛿D
< -120 ‰) source of moisture (wet end-member). While the dry end-member
continuously subsides on the Plateau, the continental source is advected onto the Plateau
during the day due to a thermally induced, regional, diurnal circulation.
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DIURNAL VARIATION IN WATER VAPOR
ISOTOPOLOGUES OVER THE CHAJNANTOR PLATEAU
DURING THE AUSTRAL SPRING

1. Introduction
The southern Altiplano is located in the sub-tropical Andes Mountains and is considered
one of the grand plateaus of Earth. Plateaus can produce thermally driven flows that have
a strong effect on the diurnal variability in moisture (Gantner et al. 2003; Kuwagata,
Numaguti, and Endo 2001; Luo and Yanai 1983; Whiteman et al. 2000; Zardi and
Whiteman 2013). In a closed flow system, moist, low lying plain or coastal boundary
layer air is advected onto the plateau during the day while return flow brings dry plateau
air towards the plain at night (Zardi and Whiteman 2013). In an open flow system, the
diurnal circulation can be intimately linked to the atmosphere above the plateau with dry
subsiding air replacing simple return flow (Gantner et al. 2003).

Studies of local and regional circulation in the southern Altiplano have identified
thermally driven flows at a range of scales. A two-part study of diurnal circulation (Egger
et al. 2005; Zängl and Egger 2005) on the northern and southern Altiplano identified
thermally induced slope and valley flows with maximum inward transport toward the
plateau attained in the afternoon. While both studies focused on inflow through mountain
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passes, they concluded that inflow to the southern Altiplano is not restricted to passes and
occurs along the crest line.

In situ meteorological measurements and numerical modeling show a strong diurnal cycle
along northern Chile’s coast and along this portion of the central Andes. Coastal
convergence and uplift occurred around dawn while subsidence and divergence occurred
in the afternoon (Rutllant et al. 2003). Afternoon divergence at the coast is associated
with marine evaporation and inland moisture advection towards the Andes, providing a
daily transport mechanism from the coast towards the Altiplano. Regional numerical
simulations encompassing the Peruvian and Chilean Andes show that anomalous
descending and ascending motion exist over the Andes at sunrise and sunset, respectively
(Toniazzo et al. 2013). The study concluded that the most prominent diurnal signal in the
region is associated with ascending motion following the daytime heating of the west and
southwest facing slopes of the Andes. When examined together, these four studies
describe the thermally induced, regional, diurnal circulation pattern (Figure 1). The figure
shows descending motion and divergence at the coast with ascending motion and
convergence over the Andes and provides a daily mechanism for moisture transport
towards the Altiplano.

While other studies have shown that the local diurnal flow systems support a direct
mechanism of transport from the western, coastal waters to the Altiplano, there remain
unresolved questions about the dynamics of water vapor transport to the Southern
Altiplano. On the one hand, the cold sea surface temperatures offshore of the Atacama
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desert are expected to suppress evaporation and thus may not contribute much to the
diurnal cycle of water vapor inland; on the other hand, the Atacama Desert itself is
among the direst sites on Earth, so it is unlikely to contribute much water vapor to the
diurnal cycle. Measurements of water vapor isotopic composition can provide some
important constraints on the history of water vapor evaporation, condensation and
transport encountered by an air parcel. The goal of this paper is to use measurements of
in situ water vapor isotopologues collected on the Chajnantor Plateau, along with
numerical modeling, and meteorological measurements to constrain the processes
governing the consistent diurnal moistening that occurs during the austral spring in the
subtropical Andes. We specifically seek to use measurements of water vapor isotopic
composition to constrain the source of the daily moistening observed on the Chajnantor
Plateau.

2. Background
2.1. The Chajnantor Plateau
The Chajnantor Plateau is located on the southern Altiplano in northern Chile in the subtropical Andes Mountains at an elevation of five kilometers (Figure 2). It is adjacent to
the Atacama Desert and is extremely dry, with an annual median precipitable water vapor
of approximately 1.2 mm (Giovanelli et al. 2001). While background winds are generally
westerly, the moisture source for the region changes based upon the season
(Giovannettone and Barros 2008). During the Austral winter (JJA), the dry season,
moisture arrives from the Pacific (Vuille 1999), while during the austral summer (DJF),
the wet season, moisture arrives from Amazonia and the Atlantic Ocean (Lenters and
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Cook 1997; Galewsky and Samuels-Crow 2015).
Subsiding dry air from the upper troposphere exerts a first-order control on subtropical
humidity (Soden and Bretherton 1994; Galewsky et al. 2011), but second order controls
on subtropical humidity in general, and the Andes in particular, are less well understood.
While rain shadow effects due to the Andes have been suggested (Houston and Hartley
2003), more recent idealized modeling studies have shown that a significant reduction in
the elevation of the Andes (one tenth their current elevation) would not appreciably
change the moisture content of the region (Garreaud, Molina, and Farias 2010; Insel,
Poulsen, and Ehlers 2010). Increased subsidence from a quasi-permanent anticyclone in
the South Southeast Pacific Ocean has also been suggested (Rodwell and Hoskins 2001;
Garreaud and Munoz 2004; Garreaud, Molina, and Farias 2010) along with moisture
suppression from the cold Humboldt Current off the western coast of Chile (Rodwell and
Hoskins 2001; Garreaud and Munoz 2004). Rutllant et al. (2003) ascribed the extreme
aridity due to the coastal subsidence inversion base isolating the continent from marine
boundary layer advection, specifically in the austral spring. The use of water vapor
isotopologues along with numerical modeling can help constrain the source of moisture
and whether any of these suggested mechanisms plays an important role in the consistent,
diurnal moistening on the Chajnantor Plateau.

2.2. Stable Isotopic Composition of Water Vapor
A background on the stable isotopic composition of water vapor has been presented in
other papers (Galewsky and Samuels-Crow 2014; Galewsky and Samuels-Crow 2015)
and is summarized here.
4

The relative abundance of stable isotopologues such as H16O, H18O, and HDO is
controlled by a variety of processes and records the history of evaporation, condensation,
and mixing in a given air parcel (e.g. Noone 2012). Isotopic measurements are reported
relative to Standard Mean Ocean Water (SMOW) in per-mil (‰) using 𝛿-notation where,
for the HDO/H2O ratio, 

where RSMOW is the HDO/H2O ratio in Vienna Standard Mean Ocean Water.
The starting point for most analyses of water vapor isotopic composition is the Rayleigh
distillation model, an idealization in which condensate is removed immediately from an
ascending air parcel. The equation describing this process is as follows:

where R = [HDO]/[H2O] is the isotope mixing ratio for HDO or another heavy
isotopologue, q is the mixing ratio, T is the temperature, and 𝛼 is the temperaturedependent equilibrium fractionation factor between vapor and condensate.
If two air parcels mix, the resulting parcel will be less depleted in heavy isotopes than
would be expected from a parcel at the same mixing ratio subject to Rayleigh distillation
alone (Galewsky and Hurley 2010), thus plotting above the Rayleigh curve (Figure 3).
The mixing ratio, q, of the mixed parcel is the weighted average of the mixing ratio of the
two parcels:
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where f is the mixing fraction. The 𝛿 value of the mixed parcel is not a simple weighted
fraction of the two parcels, though, because the resulting ratio of heavy to light isotopic
abundance Rmix is given by the following:

Another useful isotopic measurement that can provide unique insight into the history of
an air parcel is deuterium excess (d-excess). In polar regions, it has been used to
determine the climatic conditions of oceanic moisture source areas (Welp et al. 2012),
like relative humidity and temperature. However, in the sub-tropics, there is no
correlation between source area characteristics and d-excess (Samuels-Crow et al. 2014).
D-excess on the Chajnantor Plateau is instead controlled by a combination of
condensation under ice supersaturation in the upper troposphere and mixing with moister
air (Samuels-Crow et al. 2014).
D-excess is defined as the deviation from the global meteoric water line (GMWL) with
respect to δD (Dansgaard 1964). The GMWL is the result of equilibrium condensation
processes and kinetic fractionation during the evaporation of liquid water (Clark and
Fritz, 1997) and is defined by the following equation:

Due to a different magnitude of fractionation during state change processes for δ18O and
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δD, the slope of the GMWL is 8 and has an intercept, or d-excess, of 10 ‰. Thus the dexcess can be calculated using the following equation:

where d is the d-excess.

3. Methods
3.1. Data
3.1.1. APEX
Surface meteorological measurements of temperature, wind direction, wind speed, and
relative humidity were acquired from APEX (Atacama Pathfinder Experiment) for the
months of August, September, and October of 2012. APEX is located approximately two
kilometers northwest of the ALMA central weather station. Data was recorded every
minute, but ten-minute averages are presented in this study.

3.1.2. Isotopic Data
A background on the collection of the stable isotopic composition of water vapor has
been presented in other papers (Galewsky and Samuels-Crow 2014; Samuels-Crow et al.
2014) and is summarized here.
Mixing ratio and isotopic composition were measured using a Picarro L2130 analyzer
from August 2012 until February 2013. This system uses new spectroscopic techniques
that yield significantly improved precision and drift than the Picarro analyzers (L1115)
7

used in previous studies. At 2500 ppmv, the precision of the instrument is better than
0.5‰ for 𝛿D and 0.1‰ for 𝛿18O when averaged for 100 s. Two secondary standards
were injected an average of 3 times per month into a vaporizer operated at 140◦C prior to
delivery to the instrument to monitor instrument drift, and the measurements presented
here were corrected for the minimal drift encountered. The analyzer was housed at the
ALMA Observatory’s Central Weather Station, which is a heated hut situated at 5 km
altitude near the central cluster of the observatory. Outside air was introduced into the
analyzer from an inlet mounted on the roof of the weather station, about 5 m from the
ground surface. Measurements were made every 30 s, and the results presented here are
5-minute averages.
The two secondary standards (NM-3 and Antarctic snow, ANT) were calibrated to
international standards at the University of New Mexico and were chosen because they
span a broad range of isotopic composition (Samuels-Crow et al. 2014).

𝛿DNM−3 = −97‰, 𝛿18ONM−3= −13.1‰; 𝛿DANT = −388‰,𝛿18 OANT = −49.7‰.
Standard values did not vary systematically during the study period.
The Picarro analyzer has a systematic bias at low mixing ratio. Prior to deployment this
concentration bias was quantified at Picarro, Inc. following methods described by
Galewsky et al. (2011). The 1 𝜎 uncertainty in 5-minute averages of measurements
increased at lower mixing ratio, but was 1‰ and 0.2‰ in 𝛿D and 𝛿18O, respectively, at
the average mixing ratio for August 2012. The concentration bias correction was based
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on the linear relationship between delta values and the inverse of the mixing ratio (1/q)
determined during this experiment (Samuels-Crow. 2014).
This version of the Picarro analyzer has uncertainties of up to 23% in mixing ratio
measurements (K. Dennis, personal communication, 2014). This important uncertainty
has subsequently been corrected by the manufacturer, but we took advantage of
automated weather stations mounted on the roof of ALMA’s Array Operations Site
(approximately 440 m north of the Central Weather Station) to quantify the mixing ratio
at the site. The two automated weather stations are equipped with Vaisala instruments
that measure pressure, temperature, and relative humidity at sub-second intervals with
low errors. We calculated the water vapor mixing ratio and matched the 5 and 30min
averages to our 5 and 30 min averages of 𝛿D and 𝛿18O. Uncertainties in mixing ratio
measurements were approximately 4% of calculated mixing ratio during the driest times
and 2% of calculated mixing ratio on days with the moistest conditions. Calculated
mixing ratios were approximately 21% lower than those reported by the Picarro analyzer,
which is consistent with the known biases in the instrument.
Mixing ratio and δD were also collected along the western coast of Chile in order to
characterize the boundary layer air that may be advected on to the Plateau. A flask
sample was collected at the coast in Antofagasta, Chile on August, 1st, 2010 at 12:35 pm
local time. It was collected at an elevation of ~3 meters and was analyzed using methods
described in Strong et al. (2007), Johnson et al. (2011), and Friedman (1953).
3.2. Diagnostic Techniques
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Diagnostic techniques were used on 34 days within the three-month dataset. The days
were chosen based upon the following criteria: full days worth of data (00:00 UTC to
23:55 UTC), six hours from time of minimum to maximum mixing ratio (indicating
consistent moistening event), and an RMSE (Root-Mean-Square-Error) for δ-1/q space
less than 15 with an r2 (coefficient of determination) greater than 0.6 from the minimum
to maximum mixing ratio. Since Bailey et al (2013) identified that mixing between air
masses produces observations that form a straight line in δ-1/q space, these restrictions
were chosen in order to analyze days in which the mixing of air parcels could be a
dominant control on the mixing ratio.
3.2.1. Back-trajectory analysis
In order to determine the origin and trajectory history of the air parcels that arrived daily
on the Chajnantor Plateau, back trajectories were calculated for the 34 days tested using
NOAA’s Hybrid Single Particle Lagrangian Integrated Trajectory (HySPLIT) Model
(Draxler and Hess 1997; Draxler and Hess 1998). Air parcel back trajectories were
calculated from a latitude and longitude of 23.0° S and 67.8° W, respectively, using the
GDAS (1° x 1°) (NCEP 2000) meteorological data. For each back trajectory, the lowest
launch elevation that did not result in ground-surface interaction was chosen. Trajectories
were launched backwards for 72 hours beginning at the time of the average maximum in
the mixing ratio (21:00 UTC) with elevations ranging from 100 to 900 meters. Location
and specific humidity were then calculated every hour.

3.2.2. Mixing Model
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Within the three-month data set from August to October, 34 individual days were
analyzed using a mixing model approach. The study required a full days worth of data
(00:00 UTC to 23:55 UTC) and at least six hours from the time of minimum mixing ratio
to time of maximum mixing ratio (indicating a significant, consistent moistening event).
Since Bailey et al (2013) identified that mixing between air masses produces observations
that form a straight line in δ-1/q, mixing curves were calculated for δ18O, δD, and dexcess using a least squares regression, as seen in Figure 4.
With mixing curves that represent the observed data, the next goal was to identify a range
of dry and wet end-member characteristics using observational constraints on the mixing
ratio, δ18O, δD, and d-excess. Since the observed data are modeled as a combination of
the dry and wet end-member, constraints on the end-members provides constraints on the
mixing fraction. Therefore a simple two-parcel mixing model was generated using
equations 3 and 4 along with dry and wet end-member δ18O, δD, and mixing ratios
produced by the individual mixing curves.
With a prescribed dry and wet end-member, the model then calculated all intervals of
mixing between 100% of the dry end-member (f = 0) and 100% of the wet end-member
(f = 1). Therefore, at a mixing fraction of .5, the model is combining half of the dry and
half of the wet end-member to produce the mixing ratio and delta values. Now that the
model has identified a mixing fraction for each corresponding mixing ratio and delta
value pair between the dry and wet end-members, we can use the minimum and
maximum observed mixing ratios for that specific day to determine the mixing fraction
required by the model to produce the observed data. Figure 5 shows a scatter plot of the
mixing ratio and δD (circles) with a superimposed mixing curve (dotted line) generated
11

from a least squares regression for August 19th. The soild line represents the Rayleigh
curve. The dry end-member mixing ratio in this case represents the moment of last
saturation for August 19th (L1), while the wet end-member mixing ratio represents
characteristics of air parcels that form in the subtropical Pacific Ocean (Jorgensen 1979).
4. Results
4.1. Diurnal Variability
The first task required of this study was to understand how the average diurnal variability
in locally collected meteorological variables from APEX and the Chajnantor Plateau fit
into the regional, diurnal circulation system identified in Egger et al. (2005), Rutllant et
al. (2003), Toniazzo et al. (2013), and Zängl and Egger (2005).

There is a strong average diurnal variability in all the meteorological variables that were
analyzed for the austral spring on the Chajnantor Plateau. Figure 6 shows ten-minute
averages for the diurnal cycle in temperature and relative humidity (RH) for the months
of August, September, and October. On average, there is a daily 6° C increase in the
temperature from about a half hour after sunrise (09:30 UTC) until late afternoon (17:30
UTC) reaching a maximum of about 0.5° C. This average daily change in temperature
corresponds well with relative humidity. Figure 6b shows that the RH rapidly decreases
from 25% to about 15% at sunrise and increases to 25% about an hour before sunset
(21:30 UTC) with a minimum occurring around the time of maximum temperature (17:30
UTC). Thus, due to the swift, large changes in RH occurring within an hour of sunrise
and sunset and the absolute minimum occurring at the time of greatest temperature, the
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average diurnal cycle in RH in this region is controlled, on a first order, by changes in
temperature, which mask any relative changes in the mixing ratio.

Wind direction and wind speed from 21:30 UTC (sunset) to 9:30 UTC (sunrise) for all
days are shown in Figure 7a. The average wind direction is approximately 300 degrees
(NW) with an average wind speed of approximately 5 m/s. Figure 7b shows the wind
direction and wind speed from 9:30 UTC (sunrise) to 21:30 UTC (sunset). The average
wind direction is approximately 270 degrees (W) with an average wind speed of
approximately 8 m/s. Therefore, as time progresses from night (outgoing surface
radiation dominated) to day (incoming solar radiation dominated) there is a daily marked
shift in wind direction from NW to W coupled with an increase in wind speed from 5 m/s
to 8 m/s with the reverse occurring at night.

The diurnal change in wind direction coupled with an increase in wind speed and the
mixing ratio, that is associated with sunrise and sunset, is consistent with results from a
proximal study location in Egger et al. (2005) and Zangl and Egger (2005). This provides
further confidence that the regional, diurnal, circulation system described in Egger et al.
(2005), Zangl and Egger (2005), Rutllant et al. (2003), and Toniazzo et al. (2013), which
provides a mechanism of transport from the low-lying, coastal plains to the plateau, is
present on the Chajnantor Plateau.
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The diurnal cycle in the mixing ratio (Figure 8a) shows that it is at a minimum of about
1800 ppmv at 10:45 UTC and steadily increases until it reaches a maximum of about
2400 ppmv at 21:25 UTC. The mixing ratio then steadily decreases throughout the night
and early morning until the minimum occurs at 10:45 UTC. The timing of the minimum
and maximum in the mixing ratio is important because it corresponds well with local
sunrise (9:30 UTC) and sunset (21:30 UTC). The minimum mixing ratio occurs about an
hour after sunrise, and the maximum mixing ratio occurs right before sunset. On average,
there is a 34% increase in the mixing ratio each day.

The diurnal cycles in δ18O (Figure 8b) and δD (Figure 8c) follow a pattern similar to the
mixing ratio. The δ18O is at a minimum of about -38 ‰ at 9:55 UTC and steadily
increases until it reaches a maximum of about -27 ‰ at 21:25 UTC. The δ18O then
steadily decreases throughout the night and early morning until the minimum occurs at
09:55 UTC. The δD is at a minimum of about -274 ‰ at 10:10 UTC and steadily
increases until it reaches a maximum of about -203 ‰ at 22:10 UTC. The δD then
steadily decreases throughout the night and early morning until the minimum occurs at
10:10 UTC. As with the mixing ratio, the timing of the maximum and minimum in the
δ18O and δD correspond well with sunrise and sunset. The minima occur about thirty
minutes after sunrise while the maxima occur within an hour of sunset.

As seen in Figure 8d, the d-excess is at a maximum of about 35 ‰ at 09:35 UTC and
steadily decreases until it reaches a minimum of about 12 ‰ at 21:10 UTC. The d-excess
then steadily increases throughout the night and early morning until the maximum occurs
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at 09:35 UTC. On average there is an approximately 23 ‰ decrease in d-excess each day
during the months of August, September, and October. Since d-excess on the Chajnantor
Plateau was previously identified to be controlled by mixing between air dehydrated
under ice supersaturation conditions and moister air parcels (Samuel-Crow et al. 2014),
the daily decrease in d-excess is likely a result of increased incorporation of moist air.

Therefore, on average, there is an approximately 34% increase in the mixing ratio
coupled with an 11 ‰ increase in δ18O, 71 ‰ increase in δD, and 23 ‰ decrease in dexcess. This indicates that there is a consistent, diurnal moistening, enrichment of heavy
isotopologues, and decrease in d-excess that occurs each day during the months of
August, September, and October.

4.2 Back Trajectories

In the previous section, we showed that the diurnal variability in meteorological variables
on the Chajnantor Plateau is consistent with previous diurnal circulation studies in the
region. However, it is still unclear where the air parcels come from that bring this daily
source of moisture to the Plateau. Therefore, the next step was to calculate air parcel back
trajectories for all relevant days from August to October. Seventy-two hour air parcel
backward trajectories were calculated using the NOAA HySPLIT program for thirty-four
days out of the three-month period of observation. They were launched from the
Chajnantor Plateau at 21:00 UTC. This time was chosen because it represents the average
time for the diurnal maximum in the mixing ratio and therefore represents the trajectory
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most likely associated with the increase in moisture seen on the Plateau. Figure 9 shows a
representative (August 19th) backward trajectory of an air-parcel and represents the most
common path, source area, and average time (twenty seven hours) travelled over the
continent. The air-parcel was sourced in the South Southeast Pacific Ocean and travelled
northeast until it reached the continent. It then travelled southeast over the continent until
it reached its destination on the Chajnantor Plateau. While all tested trajectories
originated in the Pacific Ocean, sixteen of the air-parcel trajectories approached the
continent from northwest of its destination, ten approached from the west, six approached
from the west northwest, and two approached from the southwest. Figure 9 also shows
the relative time the air-parcel traveled over the continent until it reached its destination
on the Plateau. Of the thirty-four days tested, the length of time that an air-parcel
travelled over the continent ranged from fifteen to sixty hours with an average time of
about twenty-eight hours.

HySPLIT also computed the specific humidity of the parcel as it travelled along its
trajectory. Figure 10 is a representative (August 19th) scatterplot and shows how the
specific humidity of the air-parcel changed along its trajectory. As the air-parcel traveled
over the Pacific (from -72 to -27 hours) it moistened from a specific humidity of 0.1 g/kg
to 0.5 g/kg. Once the parcel reached and began to travel over the continent (black dot),
the parcel experienced two stages of rapid increases and decreases in moisture. This
resulted in a doubling of specific humidity from the time it reached the continent (.5
g/kg) until it arrived on the Plateau (1.1 g/kg). Of the thirty-four days tested, all showed
an increase in specific humidity as the parcel travelled over the continent and more than
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60% of the air-parcels had a higher specific humidity when it arrived on the plateau than
when it began its journey over the continent. Therefore, the HySPLIT results suggest that
air parcels that arrive on the Chajnantor Plateau interacted with moisture over the
continent and in most cases were moistened over the land surface rather than over the
ocean.

4.3. Mixing Models of Diurnal Isotopic Variability
In the previous section, we showed that air parcels that arrive on the Chajnantor Plateau
during the Austral spring are sourced from the Pacific Ocean and moistened over the land
surface rather than over the ocean. However, it is still unclear what atmospheric
processes control the significant diurnal moistening on the plateau. In this section we
examine the mixing ratios and water vapor isotopologues in order to identify the
atmospheric processes controlling these variables.

Since water vapor isotopologues have been shown to record a number of atmospheric
processes that an air parcel may undergo (Noone 2012), the next step was to identify the
processes that are controlling this consistent, diurnal moistening and enrichment. Figure
11 shows a scatter plot of the mixing ratio vs. δD for all the days within the data set
(August-October) with a representative Rayleigh curve (solid) and a representative
mixing line (dashed). The Rayleigh curve was generated using equation two, an average
atmospheric sounding (Figure 12) from Antofagasta (University of Wyoming 2014) and a
prescribed δD of -110 ‰ for the initial air mass (δD of boundary layer air along Chilean
coast in August, 2010). The Rayleigh curve represents an air parcel that has undergone
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precipitation with the immediate removal of the precipitate from the system, preventing
re-equilibration with the remaining vapor. The mixing curve represents the mixing of an
extremely dry, isotopically depleted end-member (q = 383 ppmv, δD = -580 ‰) with an
extremely moist, isotopically enriched end-member (q = 20000 ppmv, δD = -110 ‰).
The dry end-member mixing ratio in this case represents the moment of last saturation
predicted by the intersection of the mixing curves and Rayleigh curve for August 19th
while the wet end-member mixing ratio represents similar characteristics of air parcels
that form in the subtropical Pacific Ocean (Jorgensen 1979). It was calculated using the
previously described mixing model.

Since all of the measurements lie above the Rayleigh curve, the isotopic composition for
the months of August, September, and October is most likely not controlled by
equilibrium Rayleigh fractionation but by mixing between two or more air parcels.
Therefore the consistent, diurnal moistening and enrichment that occurs each day can be
modeled by the mixing of a dry, isotopically depleted air parcel with a moist isotopically
enriched air parcel. This result is consistent with atmospheric studies in the subtropics in
general (e.g. Bailey, Toohey, and Noone 2013; Noone et al. 2011; Galewsky and Hurley
2010) and specifically on the Chajnantor Plateau (Samuels-Crow et al. 2014; Galewsky
and Samuels-Crow 2015), all of which identified that air parcel mixing is a significant
mechanism in controlling the humidity of the subtropical free troposphere.

Since we showed that the average diurnal increase in the mixing ratio is coupled with an
11 ‰ increase in δ18O, 71 ‰ increase in δD, and 23 ‰ decrease in the d-excess and that
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during the Austral spring the water vapor isotopologues on the Chajnantor Plateau are
controlled by the mixing of two or more air parcels, the daily moistening and enrichment
on the plateau is most likely associated with this mixing feature; however, there remain
important questions about the dry and wet end-member characteristics that mix together
to produce the observed data.

For the 34 days tested, mixing curves were fit to the observed data for δ18O, δD, and dexcess in order to place meaningful constraints on dry and wet end-member
characteristics. For the 34 days tested, mixing curves were fit to the observed data for
δ18O, δD, and d-excess. Figure 13 is a representative (August 19th) scatter plot of the
observed mixing ratio and δ18O (13a) and the observed mixing ratio and δD (13b) with
the superimposed mixing line generated from the least squares regression. The coefficient
of determination (r2) was .99 for Figure 13a and .98 for Figure 13b. Therefore, the mixing
model accurately reproduces the observed data for each delta value. But even with a good
fit for each individual delta value, it is possible that the mixing models may not reflect
the changes in d-excess due to the large variance with a small change in δ18O (d = δD – 8
* δ18O). As seen in Figure 14, a representative (August 19th) scatter plot of mixing ratio
and d-excess with a superimposed mixing line generated from the individual delta value
mixing lines, it is clear that the individual mixing lines for δ18O and δD also accurately
capture the d-excess. This provides further confidence that the mixing models are
accurately reproducing all the observed data and provides another constraint on endmember characteristics.
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Constraints were then applied for the dry and wet end-member using the observed data
and the mixing lines for δ18O, δD, and d-excess. For the dry end-member, the upper
bound is the lowest observed mixing ratio, δ18O, δD, and d-excess for that day. On
average, the upper bound has a mixing ratio of 975 ppmv, a δ18O of -45 ‰, a δD of -321
‰, and a d-excess of 41 ‰. Based on the global atmospheric distribution of water vapor
identified in Peixóto and Oort (1983), mixing ratios less than 1000 ppmv are found at
pressure levels less than 450 hPa at a latitude of approximately 20° S. Since the plateau is
located a pressure level of 550 hPa, then on average the minimum mixing ratio identified
on the plateau could be the result of subsiding air. This is supported by Galewsky et al.
(2011), which identified consistent subsiding upper tropospheric air on the plateau. The
lower bound of the dry end member corresponds to the moment the air parcel was last
saturated. The moment of last saturation is defined where the Rayleigh curve and mixing
curve intersect (Galewsky and Hurley 2010).

For the wet end-member, the lower and upper bounds were based on a d-excess greater
than -5 ‰ (Uemura et al., 2008) and a mixing ratio between 10000 and 20000 ppmv.
These restrictions were chosen to reflect a range of mixing ratios and d-excesses
consistent with air parcels along the Chilean coast (flask sample q = 9808 ppmv,) with
the average specific humidity at 23° S (~12000 ppmv) (Barry and Chorley 2010), with
the average air mass formed in the subtropical Pacific (Marine equatorial = 19000 ppmv,
Marine tropical = 17000 ppmv) (Jorgensen 1979), and with characteristics of boundary
layer air. However, it is important to note that not all wet end-members satisfied these
conditions. For two of the tested days, mixing ratios between 10000 and 20000 ppmv
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produced a d-excess less than -5 ‰. Therefore, for these two days a new lower bound of
4400 ppmv was chosen for the mixing ratio. This new lower bound represents the
average specific humidity of maritime polar air masses (Jorgensen 1979).

While meaningful constraints were placed on the wet end-member, it is possible that the
wet end-member mixing ratio exists outside of the range set in this study, as seen in two
cases. Therefore, it is important to understand how the wet end-member characteristics
would change if the mixing ratio of the wet end-member was lower or higher than the
prescribed bounds. If the mixing ratio was lower than the prescribed bounds, then the δD
would decrease resulting in more negative values. If the mixing ratio was higher than the
prescribed bounds, then the δD would increase. Due to the linear relationship of the
mixing curve in δ-1/q space, we can identify the δD when the wet end-member mixing
ratio is at a maximum by finding the y-intercept of the mixing curve. This is similar to the
approach used to identify carbon fluxes as seen in Keeling (1958). The y-intercept of the
mixing curve describes the δD of the wet end-member (moisture flux) when the mixing
ratio is infinite and therefore represents an absolute maximum for the δD of the wet endmember.

With constraints on the dry and wet end-member, it is possible to calculate a range of
mixing fractions that produce the observed data using the mixing model. This was
calculated by finding the mixing fractions produced from the constraints on the dry and
wet end-members. Therefore mixing fractions were calculated using a combination of
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both the lower and upper bounds for the dry and wet end-members in order to fully
represent the range of mixing that produces the observed data.

For the representative day (August 19th), the dry end-member mixing ratio ranged from
383 to 564 ppmv, the δ18O ranged from -84 to -65 ‰, the δD ranged from -580 to -445
‰, the d-excess ranged from 95 to 72 ‰, and the mixing fraction ranged from 0 to 0.02.
Therefore the lowest observations for the day can be modeled as purely the dry endmember to up to 2% mixing with the wet end-member Based on these constraints, the dry
end-member exhibits characteristics of subsiding upper tropospheric air (-650 to -400 ‰
Sayres et al. (2010)) and the lowest observed data for the day can be modeled with a wet
end-member contribution ranging from 0 to 2%. Therefore, the lowest observed data for
the day is either the dry end-member itself or it is representative of no more than about
2% mixing with the wet end-member. Thus, the lowest observed data for the day is
overwhelmingly representative of just the dry end-member.

For the wet end-member, the mixing ratio ranged from 4400 to 6053 ppmv, the δ18O
ranged from -27 to -25 ‰, the δD ranged from -216 to -205 ‰ and had an absolute
maximum of -181 ‰, the d-excess ranged from -5 to 0 ‰, and the mixing fraction ranged
from 0.10 to 0.4. Therefore, the highest observed data for the day can be represented with
a wet end-member contribution ranging from 4 to 10%. Based on these constraints, the
wet end-member exhibits characteristics are not consistent with a marine source (-110 >
δD > -70). Therefore, the wet end-member represents either a pure continental source of
moisture or the result of mixing between an oceanic and continental source. Since the
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highest observed data for the day can be modeled with a wet end-member contribution
ranging from 4 to 10%, it indicates that a small fraction of mixing between the dry and
wet end-member causes the observed moistening and isotope enrichment.

For the 34 days tested, the mixing model produced an average dry end-member mixing
ratio that ranged from 356 to 977 ppmv, the δ18O ranged from -86 to -45 ‰, the δD
ranged from -597 to -322 ‰, the d-excess ranged from 88 to 41 ‰, and the mixing
fraction ranged from 0 to .07. For the average wet end-member, the mixing ratio ranged
from 9506 to 18201 ppmv, the δ18O ranged from -19 to -18 ‰, the δD ranged from -146
to -139 ‰ and had an absolute maximum of -128 ‰, the d-excess ranged from 3 to 2 ‰,
and the mixing fraction ranged from 0.25 to 0.09. This is shown in Tables 1, 2, and 3.

Therefore, on average, the dry end-member is within the range of subsiding upper
tropospheric air with the lowest observed data representative of wet end-member mixing
from 0 to 7%. On average, the wet end-member is within the range of a continental
source of moisture with the highest observed data representative of wet end-member
mixing from 9 to 25%. This indicates that a relatively small fraction of wet end-member
mixing is responsible for the significant moistening and isotope enrichment on the
Plateau.

5. Discussion:
This study examined the diurnal variability in mixing ratio and water vapor isotopologues
on the Chajnantor Plateau in order to constrain the source of the daily moistening
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observed on Chajnantor. Our results suggest that the diurnal cycle in moisture is
controlled by mixing dry, upper tropospheric air with relatively low isotopic ratios with
moister air from the land surface that has relatively high isotopic ratios, but not as high as
expected for a purely marine source. This is consistent with previous work in the
northern hemisphere sub-tropics (Galewsky, Strong, and Sharp 2007; Noone et al. 2011)
and on the Chajnantor Plateau (Samuels-Crow et al. 2014) that identified air parcel
mixing mixing as a major component in controlling subtropical humidity.

Mixing curve analysis combined with observational constraints for individual days in the
austral spring showed that, on average, the dry end-member had the characteristics of
upper tropospheric air, which a previous study (Galewsky et al. 2011) identified as
subsiding on the plateau, and the wet end-member had characteristics that were
inconsistent with a pure marine source. This is further supported by the HySPLIT
backward trajectories, which showed that air parcels are moistened as they travel over the
land surface toward the Plateau, indicating they are likely mixing with a continental
source of moisture that lowers their delta values.

Since subsiding air has been identified as the first order control for humidity in the
subtropics (Soden and Bretherton, 1994), we suggest that the dry end-member is a result
of subsidence on the plateau. The wet end-member, however, is transported onto the
plateau during the day via regional, diurnal, thermally driven flows, as described in Egger
et al. (2004) and Zangl and Egger (2005). This is supported by the timing of the
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minimum and maximum in the mixing ratio and water vapor isotopologues as well as the
consistent west to east path of air parcels that arrive on the Plateau.

Our results also show that the lowest observed data for each day can be modeled, on
average, with a wet end-member mixing contribution ranging from 0-7% and that the
highest observed data for each day can be modeled, on average with a wet end-member
mixing contribution ranging from 9-25%. This indicates that the driest moment of the day
is almost entirely representative of the dry end-member and that the wettest moment of
the day represents only a small fraction of mixing between the two. This is consistent
with previous work in the region (Samuels-Crow et al. 2014) that also identified that a
small mixing fraction was required to reproduce the observed water vapor isotopologue
ratios.

However, it is currently unclear whether these results can be broadly applied to the
subtropics in general since the timing and diurnal variability in mixing ratio and water
vapor isotopologues has been shown to significantly vary based on location. A diurnal
water vapor isotopologue study on Mauna Loa, Hawaii in the subtropics (Noone et al.,
2011) also identified mixing between upper tropospheric air and boundary layer air, but
the timing and shape of the diurnal variability was different. This could indicate that
different processes are controlling the transport of boundary layer air. The starkest
difference in the diurnal variability between our two studies is in the general shape.
While our study showed that the diurnal variability in mixing ratio is either consistently
increasing or decreasing, Noone et al. (2011) found that a steady background layer
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persists at night with moistening and dehydration only occurring from 09:00 to 21:00
local time. They concluded that this is due to the strong trade wind inversion that isolates
and limits the mixing between marine boundary layer air and the free troposphere and
night. Therefore, while the two systems are isolated on Mauna Loa and may represent a
closed flow system, it is likely that the differences found in this study are due to an
intimate link between the subsiding air and boundary layer representing an open flow
system as seen in Gantner et al. (2003).

Since the Chajnantor Plateau is located at an elevation above 5 kilometers at about 550
hPa and water vapor measurements have identified subsiding upper tropospheric air on
the plateau (Galewsky et al. 2011), it can provide a unique window into the regional,
subtropical free troposphere. Understanding all the processes affecting subtropical
humidity in the free troposphere is important because infrared radiative energy associated
with changes in atmospheric water vapor scale with relative changes (Pierrehumbert
1998). Therefore, because the subtropics are already so dry, a small increase in the
mixing ratio may be a large relative change overall. Current suggestions for moistening
subtropical subsiding air are: evaporation/sublimation of condensate near deep
convective clouds (Sun and Lindzen 1993), cross-isentropic vertical mixing in moist
convection (Yang and Pierrehumbert 1994), advection of moist air from tropical regions
by large-scale eddies (Emanuel and Pierrehumbert 1996), and large-scale isentropic
mixing (Worden, Noone, and Bowman 2007). However we suggest that the subtropical
humidity over the subtropical Andes is mainly controlled by subsiding upper tropospheric
air that is moistened by mixing with continental and oceanic sources of moisture. This
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mixing feature may represent an upper bound on the moistening of the subtropical free
troposphere due to the unique combination of elevation, topography, and thermally
driven systems that allow low level moisture to consistently interact with upper
tropospheric air.

6. Conclusions:
The goal of this study was to use measurements of in situ water vapor isotopologues
collected on the Chajnantor Plateau, along with numerical modeling, and meteorological
measurements to constrain the processes governing the consistent diurnal moistening that
occurs during the austral spring in the subtropical Andes. We found that:

1.) The average diurnal variability in the mixing ratio was 600 ppmv, and the diurnal
variability in δ18O, δD, and d-excess were 11 ‰, 71 ‰, and 23 ‰, respectively.

2.) The daily water vapor variability on the Chajnantor Plateau can be understood in
terms of mixing between dry, upper tropospheric air (-597 ≥ δD ≥ -322) and moist, nonmarine air (-145 ≥ δD ≥ -139).

3.) The daily moistening is controlled by mixing with a wet end-member mixing fraction
of 9-25%, which may represent a broad upper bound on the moistening of the middle
troposphere from boundary layer water vapor.
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7. Figures:

Figure 1: Diurnal circulation schematic during the afternoon modified from Rutllant et al
(2003). The figure shows subsidence and divergence at the coast with uplift and
convergence over the Andes Mountain. This diurnal circulation pattern provides a direct
mechanism of moisture transport from the coastal plain to the Andes.

28

Figure 2: Location map adapted from Galewsky and Samuels-Crow (2014) with
topography in grey scale. The Chajnantor Plateau is indicated by the star.
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Figure 3: The solid line represents Rayleigh fraction and was calculated using equation 2,
an average sounding from Antofagasta, and an initial δD of -110 ‰. The dotted line
represents mixing between a dry end-member (q = 383 ppmv, δD = -580 ‰) and wet
end-member (q = 25000 ppmv, δD = -110 ‰).
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Figure 4: Scatter plot of observed 1/q vs δ18O for August 19th with a least square
regression (dotted line). This figure demonstrates the linear nature of 1/q vs δ when
mixing occurs. Using similar approach to identify carbon fluxes as seen in Keeling
(1958), we can determine the absolute maximum in δ18O of the wet end-member
(moisture flux) by identifying the y-intercept. The y-intercept of the mixing curve
describes the δ18O of the wet end-member when the mixing ratio is infinite and therefore
represents an absolute maximum for the δ18O of the wet end-member.
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Figure 5: A scatter plot of the mixing ratio and δD (circles) with a superimposed mixing
curve (dotted line) generated from a least squares regression for August 19th. Solid line
represents Rayleigh curve. L1 represents the lower bound of the dry end-member
(moment of last saturation). L2 and L3 represent lower and upper bound of the wet endmember, respectively.
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Figure 6. Average diurnal cycle in temperature for the months of August, September, and
October with a standard deviation of one sigma (dotted) is shown in 6a. On average there
is a daily 6° C increase in the temperature from about a half hour after sunrise (09:30
UTC) until late afternoon. Average diurnal cycle in relative humidity for the months of
August, September, and October with a standard deviation of one sigma (dotted) is
shown in 6b. The presented data are in ten-minute averages.
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Figure 7: Surficial wind
direction and wind speed
from sunset (21:30 UTC) to
sunrise (9:30 UTC) for the
months of August,
September, and October is
shown is 7a. During this
period of time, the average
wind direction is
approximately 300 degrees
(NW) with an average wind
speed of approximately 5
m/s. Wind direction and wind
speed from sunrise (9:30
UTC) to sunset (21:30 UTC)
is shown in 7b. During this
period of time, the average
wind direction is
approximately 270 degrees
(W) with an average wind
speed of approximately 8
m/s. The presented data are
in ten-minute averages.
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Figure 8: Average diurnal cycle in the mixing ratio for the months of August, September,
and October with a standard deviation of one sigma (dotted) is shown in 7a. Dashed line
represents diurnal cycle in mixing ratio for 34 days tested from August, September and
October. On average there is an approximately 34% increase in moisture each day. 7b
shows the average diurnal cycle in δ18O with a standard deviation of one sigma (dotted).
Dashed line represents diurnal cycle in δ18O for 34 days tested from August, September
and October. On average there is an approximately 11 ‰ increase in δ18O each day. 7c
shows the average diurnal cycle in δD with a standard deviation of one sigma (dotted).
Dashed line represents diurnal cycle in δD for 34 days tested from August, September
and October. On average there is an approximately 71 ‰ increase in δD each day. 7d
shows the average diurnal cycle in d-excess with a standard deviation of one sigma.
Dashed line represents diurnal cycle in d-excess for 34 days tested from August,
September and October. On average there is an approximately 65% decrease in d-excess
each day during the months of August, September, and October. Data presented here is in
five-minute averages.
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Figure 9: Representative (August 19th) seventy-two hour backward trajectory of an airparcel that arrives on the Chajnantor Plateau at 21:00 UTC (approximate time when
average diurnal mixing ratio is at its maximum). Below the map-view, the elevation of
the air parcel is plotted alongside the surface elevation. The small rectangles along the
air-parcels trajectory represent an elapsed six hours and correspond to the surface and airparcel elevation below. This figure represents the most common path and the average
time (twenty seven hours) travelled over the continent by an air parcel.
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Figure 10: Representative (August 19th) scatter plot of time vs. specific humidity (kg/kg)
for the corresponding backward trajectory of an air-parcel. It shows how the specific
humidity of the air-parcel changed along its trajectory. As the air-parcel traveled over the
Pacific (from -72 to -27 hours) it picked up moisture, starting at 100 ppmv and
moistening to 500 ppmv. Once the parcel reached the continent (black dot) and began to
travel over it, the parcel experienced two stages of rapid increases in moisture and rapid
decreases in moisture. This resulted in an air-parcel that more than doubled in specific
humidity from the time it reached the continent (500 ppmv) until it arrived on the Plateau
(1100 ppmv).
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Figure 11: Five-minute averages of observed (circle) mixing ratio and δD for the months
of August, September, and October 2012. Imposed on the plot are a representative mixing
line (dashed) with a wet end-member δD of -110 ‰ and a representative Rayleigh curve
(solid) created from a sounding from the coast of Chile in Antofagasta. This figure shows
that all the observed data lies above the Rayleigh curve and encompasses the
representative mixing line, both beginning at δD = -110 ‰ (representative of boundary
layer air in the region).
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Figure 12: Temperature and pressure profile of Antofagasta, located on the western coast
of Chile. Soundings were collected from the University of Wyoming (2014).
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Figure 13: Representative (August 19th) scatter plot of the observed mixing ratio and
δ18O with a superimposed mixing line generated from the mixing model is shown in 13a.
The dry end-member mixing ratio ranged from 383 to 564 ppmv and the δ18O ranged
from -84 to -65 ‰. For the wet end-member, the mixing ratio ranged from 4400 to 6053
ppmv and the δ18O ranged from -27 to -25 ‰. 13b shows a scatter plot of the observed
mixing ratio and δD with a superimposed mixing line generated from the mixing model.
The dry end-member mixing ratio ranged from 383 to 564 ppmv and the δD ranged from
-580 to -445 ‰ For the wet end-member, the mixing ratio ranged from 4400 to 6053
ppmv and the δD ranged from -216 to -205 ‰.
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Figure 14: Representative (August 19th) scatter plot of the observed mixing ratio and
d-excess with a superimposed mixing line generated from the mixing model. The dry
end-member mixing ratio ranged from 383 to 564 ppmv and the d-excess ranged from 95
to 72 ‰. For the wet end-member, the mixing ratio ranged from 4400 to 6053 ppmv and
the d-excess ranged from -5 to 0 ‰.

41

9. Tables:
Dry$1
Dry$2
Aug q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰) f
q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰) f
1
471
$557
$74
35
0.91
1278
$282
$38
23
1.00
2
691
$514
$72
62
0.63
4148
$160
$22
17
1.00
4
489
$553
$79
79
0.88
1528
$255
$36
31
0.99
9
366
$585
$83
79
0.92
1157
$279
$39
32
1.00
11
332
$595
$97
181 0.84
1840
$199
$28
23
1.00
19
383
$580
$84
95
0.98
564
$445
$65
72
1.00
21
294
$608
$85
72
0.96
685
$374
$50
28
1.00
22
323
$598
$84
74
0.97
590
$402
$56
43
1.00
23
368
$584
$79
48
0.98
585
$394
$54
39
1.00
29
349
$590
$77
26
0.96
669
$370
$48
17
1.00
30
285
$611
$79
21
0.93
980
$228
$31
20
1.00
Sep q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰) f
q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰) f
3
525
$545
$80
95
0.80
2407
$184
$26
21
1.00
4
448
$562
$70
$2
0.86
1753
$195
$27
18
1.00
6
456
$560
$79
72
0.94
970
$325
$46
41
1.00
7
367
$585
$83
79
0.97
644
$386
$55
54
1.00
10
139
$684
$104
148 0.98
376
$307
$47
67
1.00
11
218
$640
$94
112 0.98
447
$354
$53
67
1.00
20
901
$484
$66
44
0.95
1328
$345
$46
23
1.00
22
251
$625
$88
79
0.97
489
$396
$55
48
1.00
23
124
$694
$107
162 0.96
474
$287
$42
51
1.00
26
224
$637
$89
75
0.98
462
$345
$50
53
1.00
Oct q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰) f
q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)
1
262
$621
$88
83
0.98
436
$430
$61
57
2
395
$577
$81
71
0.97
670
$383
$53
45
3
261
$620
$94
132 0.95
737
$322
$46
49
4
258
$622
$93
122 0.96
694
$312
$45
49
5
246
$627
$94
125 0.96
677
$313
$45
48
12
192
$652
$96
116 0.96
519
$363
$51
49
19
231
$634
$92
102 0.98
420
$390
$57
70
20
157
$673
$119
279 0.91
1088
$227
$33
35
22
473
$557
$78
67
0.90
1455
$256
$35
27
23
244
$628
$90
92
0.97
535
$358
$51
49
24
386
$579
$80
61
0.98
582
$386
$54
42
25
329
$596
$84
76
0.98
495
$424
$60
58
27
653
$520
$69
32
0.90
1543
$263
$35
20
AVG q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰) f
q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)
356
$597
$86
88
0.93
977
$322
$45
41

f
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
f
1

Table 1: Shows dry end-member, mixing model results for all tested days. Dry 1
represents the lower bound of the dry end-member. Dry 2 represents the upper bound of
the dry end-member.
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Wet$1
Aug q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)
f
1
10000 #128
#17
11 0.43
2
10000 #119
#16
11 0.43
4
10000 #130
#17
7
0.60
9
10000 #151
#19
5
0.81
11
10000 #133
#16
#4
0.72
19
4400 #216
#27
0
0.90
21
10000 #216
#26
#4
0.91
22
4400 #183
#23
1
0.85
23
10000 #124
#16
0
0.88
29
10000 #109
#15
11 0.90
30
10000 #97
#14
16 0.75

Wet$2
q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)

Sep q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)
f
3
10000 #102
#13
5
0.59
4
10000 #91
#14
22 0.63
6
10000 #106
#14
3
0.82
7
10000 #157
#20
0
0.78
10
10000 #135
#18
6
0.73
11
10000 #106
#13
#4
0.80
20
4400 #154
#19
#4
0.81
22
10000 #171
#21
#2
0.87
23
10000 #172
#22
4
0.81
26
10000 #130
#17
4
0.74

q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)

Oct q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)
f
1
10000 #172
#21
#5
0.69
2
10000 #147
#18
#1
0.77
3
10000 #171
#21
0
0.72
4
10000 #168
#21
1
0.75
5
10000 #175
#22
#1
0.81
12
10000 #185
#24
5
0.84
19
10000 #154
#20
2
0.82
20
10000 #171
#21
#3
0.80
22
10000 #128
#17
4
0.69
23
10000 #171
#22
4
0.78
24
10000 #131
#16
#3
0.80
25
10000 #145
#18
#1
0.80

q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)
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AVG

10000

#125

#17

11

0.61

q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)
f
9506
#146
#19
3
0.75

20000
20000
20000
20000
13002
6053
20000
6621
20000
20000
20000
20000
20000
20000
20000
20000
20000
4678
20000
20000
20000
12553
20000
20000
20000
20000
20000
20000
15937
20000
20000
20000
20000
20000

#118
#104
#119
#143
#129
#205
#210
#173
#115
#100
#89
#89
#80
#95
#149
#131
#100
#149
#165
#169
#124
#170
#138
#165
#162
#169
#181
#149
#168
#117
#166
#122
#138
#111

#16
#14
#16
#18
#15
#25
#26
#21
#14
#14
#13
#11
#13
#12
#18
#17
#12
#18
#20
#21
#16
#21
#17
#20
#20
#22
#23
#19
#20
#15
#21
#15
#17
#15

10
10
6
4
#5
#5
#5
#5
#1
11
15
2
23
1
#2
5
#5
#5
#3
3
3
#5
#3
#2
#1
5
3
1
#5
3
3
#4
#3
11

q$(ppmv) δD$(‰) δ18O$(‰) DE$(‰)
18201
#139
#18
2

f

RMSE

0.75 5.7
0.88 1.2
0.85 4.7
0.94 3.6
0.93 3.2
0.96 6.6
0.98 5.2
0.94 6.3
0.95 8.8
0.96 12.3
0.91 9.1
f

RMSE

0.89 3.7
0.88 3.3
0.94 7.5
0.91 9.7
0.88 6.5
0.91 9.6
0.93 7.6
0.95 6.63
0.92 9.2
0.88 5.5
f

RMSE

0.85 10.7
0.90 6.6
0.88 5.5
0.90 6.1
0.92 10.4
0.93 8.0
0.92 7.8
0.95 2.4
0.90 3.5
0.91 6.6
0.91 12.5
0.91 6.2
0.85 8.3
f
0.91

RMSE
6.7

Table 2: Shows wet end-member, mixing model results for all tested days. Wet 1
represents the lower bound of the wet end-member. Wet 2 represents the upper bound of
the wet end-member.
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Aug
1
2
4
9
11
19
21
22
23
29
30

rr%δ18O
0.99
0.98
0.98
0.97
0.89
0.99
0.92
0.98
0.98
0.94
0.90

rr%δD
0.97
0.92
0.97
0.96
0.88
0.98
0.90
0.98
0.97
0.90
0.85

Sep
3
4
6
7
10
11
20
22
23
26

rr%δ18O
0.92
0.94
0.96
0.98
0.97
0.97
0.97
0.98
0.96
1.00

rr%δD
0.87
0.96
0.96
0.98
0.98
0.96
0.96
0.98
0.90
0.99

Oct
1
2
3
4
5
12
19
20
22
23
24
25
27

rr%δ18O
0.99
1.00
0.98
0.99
0.93
0.97
0.99
0.86
0.98
0.98
0.99
1.00
0.91

rr%δD
0.98
0.99
0.97
0.96
0.90
0.96
0.98
0.82
0.97
0.98
0.97
0.99
0.92

AVG

rr%δ18O
0.97

rr%δD
0.95

Table 3: Shows r2 for the δ18O and δD mixing curves generated by the mixing model.
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